of the ESC and the ACC/AHA, [2] [3] [4] the diagnosis ACS is based on combined observations: clinical signs and symptoms, ECG, and blood biochemical markers. Although the application of high-sensitive troponin has improved the accuracy of the diagnosis, there are still patients presenting early after onset of symptoms in whom the diagnosis can't be confirmed or rejected in the first 4-6 hours. 5 Patients suspected of having an ACS but with normal troponin levels and no ST-segment deviation on the ECG have been shown to have a 3-7% risk of experiencing a myocardial infarction or death during 1 year of follow up. 6 This group of patients would greatly benefit from new, early measurable biomarkers for ACS.
Extracellular vesicles are small vesicles in the serum (Figure 1 ), containing significant amounts of protein and RNA, which play a role in intercellular communication and carry information about cellular processes. [7] [8] [9] [10] Extracellular vesicles have been shown to be involved in ACS-related processes, like coagulation, tissue injury, and apoptosis. [11] [12] [13] [14] [15] [16] When cells are injured, the content and the function of the extracellular vesicles they excrete changes with the pathophysiological context in which they are released. 17, 18 Extracellular vesicles are actively secreted from numerous cell types, including cardiomyocytes, 19 endothelial cells, [20] [21] [22] platelets, 21, 23 and neutrophils. 24 These cells participate in the pathophysiological processes causing ACS, and are the firsts to respond to myocardial ischaemia. We hypothesize that protein levels in or on the surface of circulating extracellular vesicles change after the occurrence of an acute cardiac event and therefore might carry information on the existence of an ACS. The role of vesicle protein concentrations as potential biomarkers for ACS remains unexplored thus far.
Using serum samples from 471 patients with symptoms suggestive for ACS on the emergency department, we aimed to identify a potential association of extracellular vesicle proteins with ACS.
Methods

Patient cohort
FAME-ER (Fatty acid-binding protein in Acute Myocardial infarction Exclusion in the Emergency Room) is a prospective single-center cohort study among ACS-suspected patients presenting to the emergency department of a large regional teaching hospital in the Netherlands (Meander Medical Center, Amersfoort). 25 Supplemental Material 1 (available online) gives a detailed description of the FAME-ER cohort.
Biomarker selection
Potential extracellular vesicle protein biomarkers were identified with differential quantitative proteomics comparing extracellular vesicles isolated by ultracentrifugation from a pooled serum sample of 30 patients diagnosed with ACS with extracellular vesicles from a pooled serum sample of 30 sex-and age-matched controls not found to have an ACS. Proteins that were found to have a different concentration between the groups were selected for validation in the individual patients of the whole cohort, using ingenuity pathway analysis and based on the two top ingenuity networks (see Supplemental Material 1 for a detailed description of quantitative proteomics and biomarker selection). This revealed 36 proteins from which three were selected, based on the availability of two antibodies and an antigen for Luminex.
Protein measurement
Extracellular vesicles were isolated from individual patient serum samples using ExoQuick exosome precipitation solution (System Biosciences). Extracellular vesicle concentrations of selected proteins were measured by Luminexbased multiplex panels.
Statistical analysis
All statistical analyses were performed using IBM SPSS version 20. Baseline characteristics were compared between patients with ACS and patients without ACS: continuous variables using Student's t-test or Mann-Whitney U-test when appropriate, and dichotomous values using Pearson's chi-squared test. Protein levels were skewed and therefore log transformed to ensure the best model fit. Mean extracellular vesicle protein concentrations were compared between ACS and non-ACS patients with Student's t-test. Mean values were corrected for age and gender using UNIANOVA and compared between the ACS and non-ACS groups. The proteins were tested in a univariate logistic regression model, as well as in a multivariate model corrected for risk factors for cardiovascular disease (CVD) (age, gender, hypertension, hypercholesterolaemia, diabetes mellitus, smoking (current and former smoking), and previous myocardial infarction (MI)). Subgroup analyses were performed for men and women, since the interaction terms of the individual proteins with gender were significant in the multivariate model (interaction terms of all markers p<0.05). The analysis has been repeated excluding the samples used for proteomic discovery.
Values are denoted as mean±SD, unless stated otherwise. p-values <0,05 were considered significant.
Results
Discovery of extracellular vesicle proteins associated with ACS
Frozen serum samples were available from 471 patients out of 541 patients in the whole cohort. Of these patients, 140 (30%) were diagnosed with an ACS. From the proteomics analysis, three potential biomarkers were selected: polygenic immunoglobulin receptor (pIgR), cystatin C, and complement factor C5a (see Supplemental Material 1 for a detailed description of protein selection). Total vesicle protein concentration was considered a potential independent biomarker and was analysed accordingly.
Baseline characteristics
In the ACS-diagnosed group, there were significantly more men (66 vs. 52%, p=0.005) and the average age was higher (67.7±12.6 vs. 60.1±14.5 years, p<0.001) ( Table 1 ) than in the non-ACS group. ACS patients were more likely to have hypertension and hypercholesterolaemia, and more of them had experienced a previous MI. The time from onset of symptoms until arriving at the emergency department was the same in both groups. The non-ACS control group consisted of 51 patients with stable angina (15%), 24 with other cardiac diagnoses (8%), and 256 with non-cardiac diagnoses or in whom the diagnosis remained unclear (77%) (Supplemental Material 3 and Table S1 ).
Mean protein concentration
The mean vesicle concentrations of pIgR (10.81±0.55 vs. 10.69±0.51 pg/ml, p=0.028) and cystatin C (11.58±0.54 vs. 11.32±0.56 pg/ml, p<0.001) were significantly higher in the ACS-diagnosed patients compared with the non-ACS patients (Table 2A ). After correction for age and gender, also C5a and total extracellular vesicle protein concentration were significantly different between the groups (Table  2B) , indicating an association with ACS independent of age and gender.
Logistic regression models
Consistent with the mean protein concentration findings, in a univariate logistic regression model, pIgR (OR 1.532, p=0.029) and cystatin C (OR 2.297, p=<0.001) were associated with ACS (Table 3 ). After correction for risk factors for CVD in a multivariate model, also C5a (OR 1.495, p=0.025) became significantly associated with ACS, in addition to pIgR (OR 1.630, p=0.026) and cystatin C (OR 1.641, p=0.021), with borderline significance for total protein concentration (OR 1.071, p=0.080) ( Table 3 ).
Gender
In the male subgroup (n=263), pIgR, cystatin C, and total protein concentration were strongly associated with ACS in a univariate logistic regression model, whereas C5a showed a non-significant trend. In the multivariate model corrected for risk factors, pIgR (OR 2.234, p=0.005), cystatin C (OR 1.914, p=0.025), C5a (OR 1.951, p=0.009), and total protein concentration (OR 1.165, p=0.007) all had a strong association with ACS: the associations were stronger in men than in the total group (Table 4 ). None of these markers was associated with ACS in the female subgroup (n=208) (Figure 2 ).
Analysis excluding proteomics samples
Multivariate analysis excluding the patients used in the discovery proteomics showed the same associations between extracellular vesicle proteins and ACS. 
Discussion
This is the first study to demonstrate that selected serum extracellular vesicle proteins carry diagnostic information on the presence of ACS. This holds true even when corrected for traditional risk factors for CVD, indicating that these proteins are independently associated with ACS.
Although these proteins at this stage cannot compete with current biomarkers for ACS (Supplemental Material 4), these results demonstrate that vesicle proteins are associated with ACS and for this have the potential to function as biomarkers for ACS. This opens a new field of research. In the current study, pIgR, cystatin C, C5a, and total vesicle protein concentration were demonstrated to be associated with the presence of an ACS. Polygenic immunoglobulin receptors are present in mucosal epithelium and function as transporters of IgA from the lamina propria to the mucosal lumen, and indirectly enhance the immune function of IgA. 26 Their levels have recently been shown to be increased in sputum and blood of smokers and COPD patients. 27 Their regulation is complex, involving inflammatory cytokines and activation by Toll-like receptor signalling. 28 A role in tissue injury has not been described and remains to be studied. Yet, after correction for smoking, pIgR remained significantly associated with ACS, suggesting that this protein holds more information on ACS than smoking alone.
Cystatin C is a cysteine proteinase, produced by all nucleated cells. Serum levels are regarded as a strong marker of kidney function, 29 but cystatin C is also associated with CVD independently of renal disease. 30, 31 Serum cystatin C has been established as a predictor of cardiovascular events and mortality in patients with non-ST-elevation ACS, 32, 33 ST-elevation myocardial infarction, 34 and suspected ACS, 35 but also in the general population 36 and elderly persons. 37 Although the predictive potential in CVD seems to be high, the diagnostic value of cystatin C for acute myocardial ischaemia remains unexplored so far.
Complement factor C5a is part of the terminal pathway of the complement system and is the most potent anaphylatoxin. Activation of C5a by cell damage or pathogens induces inflammation by chemotaxis of neutrophils and macrophages to the site of injury or infection. 38, 39 C5a has been shown to play a role in the early inflammation following myocardial ischaemia, contributing both to tissue repair and additional reperfusion injury. 40 Plasma C5a levels are increased in patients with unstable angina compared with stable angina 41 and increased plasma levels have been shown to be predictive of future cardiovascular events in patients with advanced atherosclerosis, 42 making it an interesting potential marker of ACS.
Subgroup analyses revealed a striking difference between men and women. The correlation between concentration of the extracellular vesicle proteins studied and ACS was much stronger in men than in women. Total vesicle protein concentration had a strong association with ACS in men, but no association was found in women.
An increasing body of evidence indicates that symptoms, pathophysiology, and prognosis of ACS are markedly different between men and women. 43 Although women (suspected of) having an ACS tend to have less obstructive coronary artery disease (CAD) and have a more preserved left ventricular function, they have a higher mortality and a worse prognosis after MI than men. Several studies implicate abnormal coronary reactivity, microvascular dysfunction, endothelial dysfunction, and distal microembolization in the absence of obstructive CAD as pathophysiological mechanisms underlying angina and ACS in women, in contrast with men in whom obstructive CAD is the predominant mechanism. [44] [45] [46] These differences are probably driven by several factors, for example varying reproductive hormone levels and autonomic nervous system adrenergic pathways, in combination with a higher burden of pro-atherogenic risk factors in women. 43 This may also explain the differences in vesicle protein expression found between men and women with an ACS in our study, which demonstrates the potential for gender-specific diagnostic and prognostic biomarkers of ACS.
Several studies have shown that plasma levels of extracellular vesicles originating from platelets 47 and endothelial cells, 47, 48 but also the total level of procoagulant extracellular vesicles, 49 are increased in patients with ACS. In our study, we now also find an association between total vesicle protein content and ACS, which might reflect the increased vesicle excretion in response to ischaemic cardiac events, in line with previous findings. The results of our study, the largest to date, confirm the role of extracellular vesicles in ACS and extend their potential use to the domain where diagnostic uncertainty is greatest, namely patients suspected of an ACS presenting to the emergency room.
Study limitations
Although the markers show a convincing association with ACS, they are not strong enough to compete with currently used blood biochemical markers (see Supplemental Material 4, Figure S1 , and Table S2 for a comparison of markers with troponin I). Larger and prospective studies are warranted to evaluate the additional diagnostic value of vesicle proteins for ACS.
Extracellular vesicle protein discovery on patients that present early (within 3-6 hours after onset of symptoms) to the emergency room could be of additional value in identifying early diagnostic biomarkers for ACS. Unfortunately, the study is underpowered for subgroup analyses for the patients that would benefit most from novel diagnostic biomarkers, i.e. patients presenting early after the onset of symptoms, and patients with negative troponin at arrival and without ECG changes.
Although for discovery vesicles were isolated by ultracentrifugation and during validation by ExoQuick, this does not prove that proteins are indeed in or on vesicles. In order to show this, we identified the proteins in the floating vesicles on a sucrose gradient (see Supplemental Material 5 and Figure S2 for detailed description and results). pIgR, cystatin C, and C5a are all present in the floating fractions, showing that at least part of the protein measured is in or on extracellular vesicles. We cannot conclude from this experiment where the proteins are located: on the surface, in the vesicle membrane, or inside the vesicle.
The design of the FAME-ER cohort study did not consider isolation of extracellular vesicles, and therefore sample handling affecting vesicle numbers and content cannot be ruled out. However, experiments have shown that freezing and thawing the samples before vesicle isolation does not influence protein concentration (Supplemental Material 6 and Figure S3 ). Extracellular vesicles are preferably isolated from plasma instead of serum, since activation of platelets and other cells in serum might cause vesicle release after total blood coagulation. Since plasma samples were not available, serum samples were used instead of plasma.
Conclusions
Serum extracellular vesicle protein concentrations provide information regarding the presence of ACS and therefore have a potential role in the evaluation of patients suspected of having an ACS. There are marked differences in association of these markers with ACS between men and women, which may be a reflection of different pathophysiological mechanisms underlying ischaemic heart disease between genders. The detected differences between men and women in the current study ask for separate discovery in men and women. This can also provide novel gender-specific mechanistic insights into the pathophysiology of ischaemic cardiac events.
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